Abstract
Members of the genus Thiorhodococcus are coccoid, motile, multiply by binary fission and show obligate phototrophy. They are morphologically similar to Thiocystis and Thiophaeococcus species, but differ from them in their 16S rRNA gene sequence and several other aspects [1, 2] . There are six validly published species names in the genus Thiorhodococcus: Thiorhodococcus minor [3] , Thiorhodococcus mannitoliphagus [4] , Thiorhodococcus bheemlicus, Thiorhodococcus kakinadensis [5] , Thiorhodococcus modestalkaliphilus [6] and Thiorhodococcus fuscus [7] while the name of a seventh species, 'Thiorhodococcus drewsii' [8] , is yet to be validated. During our studies on anoxygenic phototrophic bacteria of marine habitats of Gujarat, a purple sulfur bacterium (strain JA878 T ) belonging to the genus Thiorhodococcus was isolated from the sediment of a brown pond near Nari Salt Pan, Bhavnagar, Gujarat, India (the sample was collected on 18 December 2014; GPS position: 21 797¢ E 72 069¢ N). The sample had a pH of 9.0 and salinity of 1 %.
Samples were kept for enrichments in a medium containing (g l ) incubated at 2400 lux and 27 C for 7 days in 45 ml fully filled screw-capped bottles. Purification was done by repeated streaking on agar slants [9] . Purified cultures were grown in completely filled screw cap test tubes under the phototrophic conditions described above. Cultures were maintained on agar slants.
Genomic DNA was extracted and purified according to the method of Marmur [10] and the G+C content of the DNA of strain JA878
T as determined by reversed-phase HPLC [11] was 62.4 mol%. Well-isolated colonies were used for 16S rRNA gene amplification by using PCR master mix (GeNei) as described previously [12] . 16S rRNA gene sequencing was performed on a 3130xl Applied Biosystems ABI prism automated DNA sequencer as described previously [13] . The 16S rRNA gene sequence of the strain was identified by BLAST search analysis on the EzTaxon-e server [14] . The BLAST search analysis of the sequence (1407 nt) indicated that strain JA878
T shared highest 16S rRNA gene sequence similarity with the type strains of Thiorhodococcus kakinadensis (98.9 %), Thiohalobacter thiocyanaticus (98.4 %) and Thiophaeococcus fuscus (97.3 %). In addition, a BLAST search in NCBI with strain JA878
T showed highest 16S rRNA gene sequence similarity with Thiorhodococcus fuscus JA363 T (99.0 %). The CLUSTAL W algorithm of the MEGA-7 [15] software was used for phylogenetic analyses. For reconstruction of neighbour-joining (NJ) and maximum-likelihood (ML) phylogenetic trees the following statistical methods were used and supported with bootstrap values based on 1000 replicates. For NJ, Kimura's two-parameter model [16] , uniform rates and pairwise deletion was used. For ML, Kimura's two-parameter model, uniform rates, and heuristic search algorithm Nearest-Neighbour-Interchange (NNI) with complete deletion was used. Combined phylogenetic trees (NJ, ML; Fig. 1 ) revealed that strain JA878
T clustered with members of the genus Thiorhodococcus and not with members of Thiophaeococcus and Thiohalobacter of the family Chromatiaceae, with which also very high 16S rRNA gene sequence similarities were observed.
Further characteristics of strain JA878
T were studied in detail as per recommended minimal standards [17, 18] together with the closely related strains of Thiorhodococcus fuscus JA363
T and Thiorhodococcus kakinadensis JCM 14150
T . The taxonomic relationship between strain JA878 T and these closely related type strains was examined using DNA-DNA hybridization, which was determined using a membrane filter technique [19] , using a nick translation kit supplied by BRIT. When strain JA878 T was radioactively labelled, the levels of DNA-DNA re-association with
Thiorhodococcus fuscus JA363
T were 48±2 and 41±1 %, respectively. However, when Thiorhodococcus fuscus JA363
T and Thiorhodococcus kakinadensis JCM 14150 T were labelled and used for DNA-DNA hybridization with JA878 T in the reciprocal reaction, the re-association values were 46±2 and 43±1 %, respectively. Based on the hybridization results, strain JA878
T thus represents a novel species according to recommendations for delineating a bacterial species [20] .
Although divergence between the thermal denaturation midpoint (DT m ) determinations have proven to be valuable in the taxonomy of a variety of bacterial groups [21] , this parameter has not been frequently used in species delineation of anoxygenic phototrophs. However, the thermal denaturation temperature approach represents an alternative method to the binding-labelling strategy for determining the degree of DNA-DNA relatedness. Moreover, the results of the two analyses are known to be in agreement with each other [21] . In the present study, the degree of genomic divergence/relatedness between strain JA878
T and Thiorhodococcus fuscus JA363
T and Thiorhodococcus kakinadensis JCM 14150 T (=JA130 T ) was additionally examined by the DT m approach. The DT m of homoduplex DNA (ssDNA of JA878
T hybridized with ssDNA of itself) and heteroduplex DNA (ssDNA of JA878
T hybridized with ssDNA of Thiorhodococcus fuscus orThiorhodococcus kakinadensis) was determined using a real-time PCR thermocycler based on fluorescence determinations [22, 23] . The divergence between the thermal denaturation midpoint (DT m ) of homoduplex DNA (ssDNA of JA878
T hybridized with ssDNA of type strains of Thiorhodococcus fuscus and Thiorhodococcus kakinadensis,
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Thiolamprovum pedioforme DSM 3802 T (Y12297) [20, 21, 24] , indicating that strain JA878 T and closely related species of the genus Thiorhodococcus are members belonging to different species.
Morphological properties (cell shape, cell division, cell size, motility) were observed under a phase contrast microscope (Olympus BH-2). Flagellar position was determined through a transmission electron microscope (H-7500; Hitachi). The internal membrane architecture was also viewed with a transmission electron microscope, after the cells had been processed as described by Hanada et al. [25] . Cells of strain JA878
T were coccoid, 2-4 µm in diameter (Fig. S2 ), multiplied by binary fission and were motile by means of a single polar flagellum (Fig. S3a) . Transmission electron micrographs of ultrathin sections of cells revealed a vesicular-type internal membrane architecture (Fig. S3b) Substrates used as carbon/electron donors: NaCl for growth, grew optimally with 1-3 % (w/v) NaCl and tolerated up to 6 %. The pH range for growth of strain JA878 T was 6-12 with optimal growth at pH 10-11. Strain JA878 T was mesophilic, growing optimally at 25 C (range 25-30 C).
Phototrophically grown cells were reddish brown. The in vivo absorption spectrum of intact cells of strain JA878 T in sucrose solution as measured using a Spectronic Genesys2 spectrophotometer [26] exhibited maxima at 377, 488, 510, 800 and 854 nm (Fig. S4) , indicating the presence of bacteriochlorophyll a. The carotenoid composition of strain JA878
T as determined by C 18 -HPLC (eluted with acetonitrile/methanol/ethyl acetate, 5 : 4 : 1, by vol.; flow rate of 1 ml min
À1
; absorption at 450 nm) using a photodiode array detector indicated the presence of rhodopin (>80 %) as the major carotenoid.
For fatty acid analysis, cells were harvested by centrifugation (10 000 g for 15 min at 4 C) on reaching a cell density of 70 % of the maximum optical density (100 % = an OD 660 of 0.9; early stationary phase) and the pellet was used for analysis. Cellular fatty acids were methylated, separated and identified according to the instructions for the Microbial Identification System (Microbial ID; MIDI 6.0 version; method, RTSBA6) ( [27] ; www.midi-inc.com), which was outsourced to Royal Research Labs, Secunderabad, India. The major fatty acids (>10 %) present in strain JA878
T were C 16 : 1 !7c/C 16 : 1 !6c, C 18 : 1 !7c/C 18 : 1 !6c and C 16 : 0 with minor amounts (>1 % to <10 %) of C 12 : 0 , C 14 : 0 , C 18 : 0 and C 18 : 1 !5c (Table S1 ). Strain JA878 T differed from its closest related type strains by the absence of C 14 : 0 3-OH/iso-C 16 : 1 I, C 17 : 0 10-methyl and C 18 : 1 !9c.
Polar lipids were extracted from 1 g of freeze-dried cells with methanol/chloroform/saline (2 : 1 : 0.8, by vol.) as described by Kates [28] . Lipids were separated using silica gel TLC (Kieselgel 60 F 254 ; Merck) by two-dimensional chromatography using chloroform/methanol/water (65 : 25 : 4 by vol.) in the first dimension and chloroform/ methanol/acetic acid/water (80 : 12 : 15 : 4 by vol.) in the second dimension [29] [30] [31] . The total lipid profile was visualized by spraying with 5 % ethanolic molybdophosphoric acid and was further characterized by spraying with ninhydrin (specific for amino groups), molybdenum blue (specific for phosphates), Dragendorff (quaternary nitrogen) or a-naphthol (specific for sugars) reagents [31, 32] . The polar lipid profile of strain JA878
T contained phosphatidylglycerol and phosphatidylethanolamine as the major lipids with minor amounts of an aminophospholipid and four unknown lipids that based on their staining behaviour did not contain either a sugar moiety, a phosphate, quaternary ammonium or an amino group. Strain JA878 T differed from Thiorhodococcus fuscus JA363 T and Thiorhodococcus kakinadensis JCM 14150 T in the absence of unidentified lipid UL3. Unknown lipid UL4, which is present in strain JA878
T , is absent in Thiorhodococcus fuscus JA363
T and Thiorhodococcus kakinadensis JCM 14150 T (Fig. S5 ). Quinones were extracted with a chloroform/methanol (2 : 1, v/v) mixture, purified by TLC and analysed by HPLC [33] [34] [35] and strain JA878 T was shown to have ubiquinone-8 (Q-8, 96 %) as the predominant quinone system with a minor amount (4 %) of menaquinone-8 (MK-8).
The phylogenetic distance of strain JA878
T to its closest related type strains, which is also reflected in a number of distinctive phenotypic (colour, growth factor requirements, organic substrate utilization; Table 1 ) and chemotaxonomic (polar lipids; Fig. S5 and Table S1 ) traits, justifies the description of strain JA878
T as representing a novel species of the genus Thiorhodococcus, for which the name Thiorhodococcus alkaliphilus sp. nov. is proposed.
DESCRIPTION OF THIORHODOCOCCUS ALKALIPHILUS SP. NOV.
Thiorhodococcus alkaliphilus [al.ka.li¢phi.lus. N.L. n. alkali soda ash; N.L. adj. philus -a -um (from Gr. adj. philos -ê -on) friend, loving; N.L. masc. adj. alkaliphilus loving alkaline conditions].
Individual cells are coccoid, 2-4 µm in diameter, Gramstain-negative, motile by means of a single polar flagellum, multiply by binary fission and have a vesicular internal membrane architecture. Photo-organoheterotrophic and photolithoautotrophic growth is observed; chemolithoautotrophy, chemo-organoheterotrophy and fermentative growth are absent. Colour of phototrophically grown cultures is reddish brown. In vivo absorption spectrum of intact cells in sucrose exhibits maxima at 377, 488, 510, 800 and 854 nm. Bacteriochlorophyll a and rhodopin of the spirilloxanthin series are present as major pigments. NaCl is not obligatory for growth; optimum growth occurs with 1-3 % (w/v) NaCl (tolerates up to 6 %). Optimum pH and temperature for growth are pH 10-11 (range 6-12) and 27 C (range 25-30 C). Acetate, pyruvate, fructose, fumarate, malate, succinate, crotonate and valerate are good carbon sources/electron donors for growth. Magnesium sulfate, sodium sulfite, sodium sulfide (nonahydrate), elemental sulfur, sodium thiosulfate and methionine are used as sulfur sources for growth. Glutamine, aspartic acid, glutamic acid, nitrate, nitrite and ammonium chloride are used as nitrogen sources for growth. Addition of vitamins to media is not required for growth. Major fatty acids are C 16 : 1 !7c/C 16 : 1 !6c, C 18 : 1 !7c/C 18 : 1 !6c and C 16 : 0 with minor amounts of C 12 : 0 , C 14 : 0 , C 18 : 0 and C 18 : 1 !5c. Phosphatidylglycerol, phosphatidylethanolamine, aminophospholipid and four unknown lipids are the polar lipids. Q-8 is the major (96 %) quinone with minor amount (4 %) of MK-8.
The type strain, JA878
T (=KCTC 15531 T =JCM 31245 T ), was isolated from a sediment sample of a brown pond near Nari Salt Pan, Bhavnagar, Gujarat, India. The DNA G+C content of the type strain is 62.4 mol% (by HPLC). 
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